Abstract-In this paper, we propose a new technique for synchronization and channel estimation in M-QAM OFDM radio over fiber (RoF) system by using constant amplitude zero autocorrelation (CAZAC) sequence based training preamble. Delay and correlate method is used to identify the training sequence in the received signal vector and to correct the symbol timing offset. For an optimum demodulation of OFDM signal, optimum down sampling offset position has to be identified before applying symbol timing algorithm. To solve this issue, we present the iterative method of finding optimum down sampling offset position. We show that the training preamble used for synchronization can also be applied to estimate the channel response using averaging technique. Moreover, we used the least square estimation based channel estimation method using pilot subcarriers and compare the results with training preamble based estimation.
I. INTRODUCTION
The wireless bandwidths at conventional radio frequency (RF) bands (0.7-2.6 GHz) are not sufficient to fulfill the higher capacity demands [1] . Higher frequency bands such as millimeter-wave (mm-wave) bands are considered as a solution to overcome the problem of frequency congestion in current wireless transmission systems [2] . Due to the existence of the license free frequency band of 7 GHz from 57 to 64 GHz, extensive research interests are shown on this band. The major challenge at this band is huge signal attenuation [1] [2] [3] . This requires deployment of the large number of small cells to cover the geographical area. Thus, the base station (BS) should be as simple as possible to reduce the overall cost of the system. At higher frequency regime with optical fiber transmission the chromatic dispersion (CD) affects the system performance significantly. The photonic technologies with mm-wave signal generation capability are considered as suitable technologies to solve the above mentioned issues [4] . Such systems can be considered as a conventional radio over fiber (RoF) system with millimeter wave signal delivery capability.
In RoF systems with mm-wave generation, RF signal is generated and transmitted through low loss and huge bandwidth optical fiber. Such links have the ability to deliver RF signals into remote cells without deteriorating their characteristics (RF, modulation formats etc.). In such systems, all signal processing (e.g. signal generation, data modulation, up conversion etc.) can be provided in central station (CS) and, hence enables a simple, and low cost BS. This makes the deployment of large number of remote femto cells/ pico cells easier that can provide few Gbps wireless access and makes the network simple and scalable [3] .
The target goal for 5G network is to provide 1-10 Gbps wireless access solution to the end user [1, 5] . The current research trends at 60 GHz range use direct detection as well as coherent detection technologies [6] [7] [8] . Due to the potential deployment of large number of small cells, complex BS transceiver is not cost effective. Therefore, simple modulation and detection methods are required. The multicarrier systems are essential to increase the spectral efficiency in future RoF systems. Since OFDM provide highly spectral efficient system and robust to the linear optical impairments such as chromatic dispersion(CD), it is still an attractive candidate for 5G research [9] .The study of OFDM system also provides the basis for advanced multicarrier system such as FBMC (filter bank multicarrier) systems [10] . OFDM modulation is a simple and well studied method of multicarrier system which has also been studied in 60 GHz radio over fiber systems with various design aspects [11] [12] [13] .
One of the major problems of the OFDM system is to synchronize the transmitted and received signal. OFDM is very sensitive to the synchronization error which causes fast Fourier transform (FFT) window misalignment, hence, an imperfect demodulation. The synchronization problem can be considered as timing estimation as well as carrier frequency offset estimation (FOE). The timing estimation problem consists of correct down sampling and correct symbol alignment. The frequency offset causes misalignment of the inverse fast Fourier transform (IFFT) and FFT subcarriers resulting inter carrier interference (ICI). The frequency response of the channel is estimated through channel estimation method and it is used to equalize the channel. Several research works exists to solve these issues [14] . Training preamble based and pilot based methods are more common and widely applied in practical situations [14, 15] . Delay and correlate methods can be applied for symbol timing and frequency offset correction. In [16] , Moose proposed a technique for FOE using repeated training preamble. This method was also employed by Schmidl for symbol timing estimation [17] . In a similar way, different repetitive preamble structures were designed to improve the accuracy by Minn [18] , Park [19] and Ren [20] . In this paper, we propose an iterative method for finding the optimum position for down sampling offset and lowest errors. We use a training preamble based on Ren method and apply in experimental 16QAM OFDM RoF system. We show also the consequence of the inaccurate down sampling. Moreover, we use the same training preamble to estimate the channel response and to equalize the channel using averaging technique.
The organization of this paper is as follows. In section II, the descriptions of the implemented system model of optical transmission setup and signal processing methods are given. Section III presents brief theoretical background of used symbol time estimation; frequency offset estimation, and channel estimation methods. Section IV illustrates the proposed iterative method for finding the optimum down sampling offset position that improves the system performance. In section V, the description of the least square (LS) channel estimation method with interpolation using pilot subcarriers and the training preamble based channel estimation using averaging technique are provided. Finally, section VI concludes the paper. Fig. 1 represents the simplified block diagram of the optical transmitter and receiver setups in the lab. In the optical transmitter, a distributed feedback (DFB) laser at 1553.7 nm wavelength with line width of 10 kHz is used to generate an optical comb. The optical comb consists of a dual drive modulator and is driven with 15 GHz electrical local oscillator (LO) signal generator. Then, the optical signal is filtered to generate two optical tones spaced by 54 GHz by using wavelength selective switch (WSS). MATLAB routines are used to generate 16QAM OFDM signal which is electrically up converted to 6 GHz and uploaded to Arbitrary Waveform Generator (AWG). Two output channels of the AWG are used to drive the optical IQ modulator with the same OFDM signal shifted in phase by 90˚. The IQ modulator bias voltages are adjusted to generate single sideband (SSB) optical signal. Then, the modulated optical signal is amplified and filtered by optical band pass filter (OBPF) to remove the amplified spontaneous emission (ASE) noise before transmission over the fiber. In the optical receiver, the detected optical signal by the photodiode is amplified and mixed with another electrical LO at 54 GHz to down-convert it to intermediate frequency (IF) at 6 GHz. Then, the signal is recorded by the real time scope and the data is processed offline using MATLAB code. Fig. 2 shows the DSP block diagrams inside both the transmitter and receiver side. In the transmitter DSP; the OFDM signal is created using common OFDM coding techniques such as QAM mapping, serial to parallel conversion, IFFT and cyclic prefix (CP) insertion. The OFDM signal generation parameters are given in Table I . The pilot carriers are inserted to achieve channel estimation at the receiver and fixed preamble based training symbol is inserted for synchronization and used also for channel equalization. The root raised cosine (RRC) filter is used for pulse shaping with a roll off factor of 0.4. Then, the OFDM signal is up converted to IF frequency at 6 GHz. After normalization, the signal is uploaded to the two AWG channels with same magnitude but with different phase. The AWG has a sampling rate of 50 GS/s, which gives 10 samples/OFDM symbols points. In the DSP at the receiver side, the received electrical signal from the scope is processed offline. The scope sampling rate is 80 GS/s. Each symbol has 16 samples/symbol. The signal is first down converted to the baseband, and then filtered by a matched raised cosine filter with same roll off factor as in transmitter side. Afterword, all the signal processing algorithms are applied at the baseband signal. In order to obtain the subcarriers values, the baseband signal has to be down sampled into 1 sample/symbol. Therefore, the new proposed iterative method is used (described in section III) to pick the optimum down-sampling offset position. The imperfect selection of the sample point degrades the system performance. After down sampling, symbol timing alignment, and frequency offset compensation are performed. Then, the common OFDM decoding methods such as serial to parallel conversion, CP removal and FFT are processed in sequence as shown in the block diagrams in Fig. 2 . The channel estimation is then applied using pilot subcarriers as well as training preamble for comparison. After removing pilots, parallel to serial conversion is done and QAM demodulation is performed. Fig.2 . Simplified digital signal processing (DSP) block diagrams in transmitter side and receiver side. Fig. 3 shows the structure of the OFDM symbols payload with training preamble symbol and pilot subcarriers. One training preamble symbol is used for synchronization and 5 pilot subcarriers are used for channel estimation. The pilots are inserted as a comb type at a same frequency interval. 
II. SYSTEM DESCRIPTION

III. THEORITICAL BACKGROUND OF SYNCHRONIZATION
A. Symbol timing estimation
Symbol timing estimation in OFDM means finding the position in a received vector where the OFDM symbol starts. The error positioning of the sample points can be considered as a FFT window misalignment in transmission side and receiver side. To solve this problem, the starting sample position of IFFT and FFT should be aligned. The timing offset could be either in a leading or lag position from the best accurate position. For the leading offset, due to the use of cyclic prefix (CP) the orthogonality between the subcarriers might still exist, and this introduces the phase rotation to all subcarriers. However, the lag offset will cause the misalignment in FFT window which will destroy the orthogonality among the subcarriers leading to ICI. To proceed with symbol timing algorithms, Schmidl [17] , Minn [18] and Ren [20] methods are implemented in MATLAB and series of computer simulations were performed with AWGN noise for different SNR values. The illustration of timing metric of these methods is given in Fig. 4 . In Schimdl method, the symbol starting position is at the end of flat region. The flat region arises from the existence of the CP. Due to this region; it is difficult to predict the accurate timing information for low SNR signals. For accurate estimation, it is required sharp slope between the flat region and sloppy region; in addition, the flat region should be strictly flat. In the Minn and Ren methods, the major peak provides the OFDM symbol starting position, and the minor peak is due to the used CP.
In our scheme of synchronization, we use the preamble sequence based on Ren's method. This method employs the constant envelop preamble based on constant amplitude zero auto-correlation (CAZAC) sequences. These sequences are weighted by the real valued pseudo noise (PN) sequence whose values are +1 or -1. This preamble structure provides the constant peak to average power ratio (PAPR) and can be used as a training signal for all orders of modulations in M-QAM OFDM. The preamble structure can be given as
where, ∘ is the Hardmard product operator which implies the element wise multiplication between the vectors, is the FFT is the real valued PN sequence. The timing metric can be calculated from equation (2), whose maximum peak gives the starting position of the OFDM symbol
Where,
is the delay and correlate vector, is the received signal vector whose starting point has to be determined, is the time index with which delay and correlation task has to be accomplished. The energy vector is used to normalize the correlation vector given by 
After the timing error correction, the other signal processing tasks such as frequency offset correction and channel equalization can be achieved more appropriately.
B. Frequency offset estimation (FOE)
The frequency offset introduces the ICI caused by adjacent carriers. The frequency offset also causes the reduction of amplitude. The frequency offset can be calculated as [20] 
where, is the starting position of the OFDM symbol which is determined by equation (2) . The frequency offset error is calculated by a fraction of the subcarrier spacing. Since the range of function is ±π, equation (5) can estimate only ±1 range of subcarrier frequency spacing.
IV. PROPOSED METHOD OF SYMBOL TIMING ESTIMATION
Due to DAC and ADC are not operating on the same sampling rate, it is required to find the accurate down sampling offset before applying the symbol timing algorithm. Even if DAC and ADC operate on the same sampling rate, optimum down sampling position needs to be determined. Due to the inaccurate sampling point the amplitude and phase of the extracted samples will not represent the valid symbols, and that degrades the system performance. To solve this issue, we construct an iterative algorithm as given in Fig. 5 . With our method, the signal is first down sampled from x samples/symbol into 1 sample/symbol and then delay and auto correlation process is applied. The peak of autocorrelation gives the maximum amplitude for the sample which represents the correct starting symbol.
With the algorithm given in pseudo code of Fig. 5 , the Ren metric given in equation (2) has to run for (ADC sampling rate)/(QAM symbol rate) times to calculate the peak values of each run. If the captured data from the scope is x times repeated transmitted signal, x numbers of peaks will appear in each iteration. Each peak represents the starting position of the OFDM symbol. For each iteration, the first peak is chosen and its value and position are stored in the buffer. Then, the maximum value of the peak is selected from the buffer. The position of the selected peak corresponds to the optimum down sampling offset position. After finding the optimum down sampling offset position, the signal is down-sampled at this optimum position to extract 1 sample/symbol. At this stage the FFT window will be at the optimum aligned position. After frequency offset correction OFDM decoding and channel estimation procedures can be applied. (2) for the cases of not correct offset position of down sampled signal, and the optimum down sampled signal. Two peaks in each figure results from the two times repetitions of the transmitted signal in the captured data from the scope. The lower peaks that are adjacent to the higher peak is due to the used CP. Due to the weak correlation, the peak values are lowered and noise level is increased in Fig. 6 (a) . In Fig. 6 (b) the peak values are higher. These metric plots are for optical channel signal in which SNR is low. For higher SNR signals, the peak values appear with higher magnitude.
To observe the effect of inaccurate down sampling, Fig. 7 provides some illustrations. Fig. 7 (a) is the constellation diagram for the back-to-back configuration (without optical channel) with optimum offset position of the down sampled data. Fig. 7 (b) is the constellation diagram with not correct offset position. Fig. 7 (c) , and Fig. 7 (d) are the constellation diagrams with optical channel with few meters of fiber with optimum, and not correct offset position of down sampled data, respectively. The constellations are affected by the amplitude dependent noise, could be due to the nonlinear distortion due to electrical amplifier and optical components. These experimental imperfections will be solved in future work. 
V. CHANNEL ESTIMATION METHODS
This process estimates the frequency response of the channel. Channel estimation is mandatory in the OFDM system to remove the channel degradation. Channel estimation can be done using training symbols or with pilot subcarriers along with interpolation.
A. Least square (LS) estimation using pilot subcarriers
Let us suppose is the transmitted time domain symbols after IFFT and is the received OFDM symbols in receiver after removing cyclic prefix. Where, = 0,1,2 … . . − 1, is the FFT length. The FFT on can be given as
where, = 0,1,2, … , − 1 . With the channel response ( ), transmitted signal response ( ) and noise response ( ) , can be written as
The pilot symbols from and are extracted and corresponding channel response can be estimated using
To apply the channel estimation for equalizing OFDM signal, the interpolation method has to be used. After the interpolation, the size of the channel estimation vector is the same size as in the vector ( ). In our method, we apply the linear method of interpolation. In this type of interpolation, two pilots are used to estimate the channel response at the OFDM data subcarriers which are located between those pilots. In this way the pilots' channel response is interpolated to ( ).
B. Training preamble based estimation
We use the same training preamble structure for both synchronization and channel estimation. In our arrangement the training preamble symbol occupies all the subcarrier frequencies as given in Fig. 3 . The frequency response of the channel can be calculated using LS method. To apply this channel response for equalizing the channel, we use the averaging method as given in Fig. 8 and compute the common channel response factors. The obtained response is applied to all OFDM data payload to equalize the channel. Fig. 8 . Illustration of averaging method for correcting amplitude and phase response using training preamble. Fig. 9 shows the comparison of the equalized constellation diagrams using the channel estimation of pilot subcarriers and training preamble. The channel estimation using training preamble along with averaging method has given improved constellation points than using pilot subcarriers. For better channel equalization the MMSE (minimum mean square error) method can be applied [21] .
(a) (b) (c) (d) Fig. 9 . Constellation diagrams of optical channel using few meter fiber length: (a) LS method with interpolation using pilots (b) averaging method using training preamble. Constellation diagrams of back to back (without optical channel): (c) LS method with interpolation using pilots (d) averaging method using training preamble.
VI. CONCLUSIONS
In this paper, we proposed an iterative method for the synchronization and channel estimation for MQAM OFDM based radio over fiber (RoF) system based on constant amplitude zero auto-correlation (CAZAC) sequence preamble. We experimentally verified the use of this preamble for synchronization and channel estimation in 16QAM OFDM RoF by obtaining the optimum position of the down sampling. We also applied this preamble for equalizing the channel using averaging technique.
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